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Exposure of the membrane protein bacteriorhodopsin (BR) to SDS induces partial breakdown
of the native conformation. The exact structural properties of this SDS state remain a matter of
debate, despite its widespread use in BR folding experiments. The current work employs
hydroxyl radical (·OH) labeling in conjunction with mass spectrometry (MS)-based peptide
mapping for probing the solvent accessibility of individual BR segments in the presence of
SDS. Previous work revealed methionine sulfoxide formation to be the dominant oxidative
pathway. Those data suggested extensive unfolding of helices A and D in SDS. Unfortunately,
the lack of Met residues in helices C and F implies that no direct information on the behavior
of the latter two elements could be obtained. Here, we address this problem by employing two
variants with additional Met residues, L93M (helix C) and V179M (helix F). The oxidation
behavior of the resulting 11 methionines can be grouped into three categories: (1) extensively
labeled both in native BR and in SDS (loop residues M32, M68, and M163); (2) protected in the
native state but not in SDS (M20, M118); (3) always protected (M56, M60, M93, M145, M179,
M209). These data show that a solvent-inaccessible core is retained in SDS. This core consists
of partially intact helices B, C, E, F, and G. The termini of these helices are highly dynamic
and/or unraveled, particularly on the cytoplasmic side. Overall, this work demonstrates how
the use of engineered ·OH labeling sites can provide insights into structural properties of
membrane proteins. (J Am Soc Mass Spectrom 2010, 21, 1947–1956) © 2010 Published by
Elsevier Inc. on behalf of American Society for Mass SpectrometryMass spectrometry (MS) plays a central role fora wide range of structural biology applica-tions [1, 2]. Unlike X-ray crystallography and
NMR spectroscopy, MS does not provide atomically-
resolved structural information. However, the low-to-
medium resolution obtainable by MS is highly valuable
for systems that are difficult to study by other ap-
proaches. For example, the direct electrospray ioniza-
tion (ESI)-MS analysis of large macromolecular assem-
blies provides insights into binding stoichiometries [3]
and affinities [4]. The degree of multiple charging during
ESI reflects the protein compactness and surface area
in solution [5]. Amide hydrogen/deuterium exchange
(HDX)/MS allows probing the hydrogen bonding net-
work of proteins [6]. Chemical cross-linking yields inter-
and intramolecular distance constraints [7, 8].
Covalent labeling represents another important MS-
based structural approach. Exposure of a protein to a
hydrophilic reactive probe induces chemical modifica-
tions in solvent accessible areas, whereas regions that
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doi:10.1016/j.jasms.2010.08.004are sterically shielded do not get labeled. A variety of
tagging agents have been developed, some of which
react only with specific types of side chains, whereas
others are less selective. The locations of the resulting
modifications and the extent of labeling may be probed
by peptide mapping and liquid chromatography (LC)
with on-line ESI-MS/MS [2, 9–12]. Hydroxyl radical
(·OH) is an interesting covalent probe due to its small
size and high reactivity. Of the many methods for
generating ·OH [13–20], the photolysis of H2O2 by a
pulsed UV laser [21–23] is particularly convenient. The
microsecond ·OH lifetime implies that this photochem-
ical technique is free of oxidation-induced artifacts if the
measurements are conducted under single-exposure
conditions [21, 24, 25].
Despite their physiologic and pharmaceutical impor-
tance, membrane proteins represent a class of biomol-
ecules that poses considerable experimental challenges
[26]. Membrane proteins are prone to aggregation once
removed from their natural lipid bilayer. Thus, the appli-
cation of X-ray and NMR techniques to membrane pro-
teins continues to be problematic. As a result, these
species are hugely under-represented in structural da-
tabases when compared to water-soluble proteins [27].
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1948 PAN ET AL. J Am Soc Mass Spectrom 2010, 21, 1947–1956Numerous MS-based covalent labeling experiments
have been conducted on membrane proteins [28, 29],
e.g., for topologic investigations [30], as well as for
monitoring conformational changes [29, 31–34] and
binding interactions [35–37].
Bacteriorhodopsin (BR) is the main component in the
purple membrane of the archaebacterium Halobacterium
salinarum. It represents one of the few membrane pro-
teins for which high-resolution structural data are avail-
able [38], and it has become an important test system for
the development of novel analytical strategies [39]. The
248 amino acid polypeptide chain of native BR folds
into seven transmembrane helices (A–G), which are
connected by extra-membrane loops (Figure 1). The
protein forms a central pocket that accommodates a
retinal chromophore. This prosthetic group is linked to
K216 of helix G via a protonated Schiff base. From a
biophysical point of view, BR is important not only
because of its intriguing photocycle [40, 41], but also
because it is one of only a handful of membrane
proteins that can be folded in vitro [42–48].
While it is not straightforward to obtain structural data
for native membrane proteins, it is even more challenging
to gain information on the behavior of these systems
under non-native conditions. Yet, semi-denatured pro-
teins play important biological roles during folding,
assembly, and amyloidogenesis [49, 50], for ligand-
binding [51], and for translocation [52]. Therefore, the
development of experimental approaches for exploring
the properties of non-native membrane proteins is an
important task.
Sodium dodecyl sulfate (SDS) is an anionic detergent
that is widely used as protein denaturant due to its
powerful dissociation and solubilization properties [53].
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Figure 1. X-ray structure of bacteriorhodopsin (BR, pdb 1C3W)
[38] with its seven transmembrane helices (A–G). The nine methi-
onine residues of the wild type protein are highlighted in red, and
the retinal chromophore is depicted in green. Also shown are
leucine 93 and valine179 (orange), which were converted to
methionines for some of the experiments of this work. A brief
segment of the EF loop for which no structural data are available
is shown as dotted line.However, SDS-denatured membrane proteins often re-
tain significant residual structure, in fact, some -helical
elements may even be stabilized to a certain extent [45,
53]. SDS-solubilized BR often serves as a starting point
for folding studies [54]. A comprehensive characteriza-
tion of this state is therefore crucial for deciphering the
mechanism by which BR refolds and inserts into the
lipid bilayer. Unfortunately, considerable uncertainties
continue to exist regarding the structural properties of
SDS-denatured BR. For example, the extent to which
individual helices become unraveled in SDS remains a
matter of debate [55, 56].
Our group has previously explored the properties of
native and SDS-denatured BR by ·OH labeling [56]. In
contrast to the behavior observed for many water-
soluble proteins, it was found that oxidative modifica-
tions occurred exclusively at methionine residues, re-
sulting in methionine sulfoxide (MetO) formation [56,
57]. While this chemical selectivity is somewhat surpris-
ing, it is in line with the fact that sulfur-containing
residues are generally most prone to oxidation [15, 58]
(BR does not contain cysteine). Also, the exclusive
labeling of Met residues greatly facilitates the quantita-
tive analysis of oxidation patterns. Like many other
membrane proteins, BR is rich in methionine, contain-
ing a total of 9 Met residues. Six of these are buried in
transmembrane regions of native BR (M20 [helix A],
M56/M60 [B], M118 [D], M145 [E], and M209 [G]),
whereas M32, M68, and M163 are located in solvent-
accessible loops (Figure 1). ·OH exposure of native BR
causes extensive labeling of the three solvent-accessible
Met residues, whereas those inside the membrane are
largely protected [57]. This behavior validates the use of
oxidative Met labeling as a tool for probing the solvent
accessibility of individual BR segments.
SDS solubilization results in marked changes of the
BR oxidation pattern, with M20 [A] and M118 [D]
becoming significantly more solvent accessible [56].
Based on those ·OH labeling data and the results of
UV-Vis and fluorescence experiments we proposed a
structural model of SDS-denatured BR. SDS induces
hydrolytic retinal loss and release of the chromophore
into the solvent. We suggested that this step is accom-
panied by collapse of the chromophore binding pocket
and partial unfolding/extrusion of helices A and D. In
contrast, helices B, C, E, F, and G were proposed to
remain largely intact, although some unraveling at the
helix termini could not be excluded [56].
A conceptual difficulty of our earlier proposal [56] is
the lack of methionine residues in helices C and F of
wild-type (wt) BR. Hence, ideas regarding the intact-
ness of these two helices in SDS had to be based on
indirect evidence from fluorescence spectroscopy,
rather than direct solvent accessibility data. The current
work addresses this problem by conducting oxidative
labeling experiments on BR variants that were engi-
neered to possess additional methionine residues in
either helix C (L93M) or helix F (V179M). In this way,
each helix is covered by at least one oxidative labeling
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direct confirmation that the central portions of helices C
and F indeed remain shielded from the solvent in
SDS-denatured BR. From a general perspective, the
current study demonstrates how the combination of
oxidative labeling and protein engineering can provide
insights into structural aspects of membrane proteins.
Experimental
Proteins and Reagents
Sequencing-grade modified trypsin was purchased
from Promega (Madison, WI, USA). The acid-labile
surfactant RapiGest SF was obtained from Waters (Mil-
ford, MA, USA). SDS, ammonium bicarbonate, sodium
phosphate, potassium phosphate, and formic acid were
from Sigma (St. Louis, MO, USA). All chemicals were
used as received. Purple membranes from H. salinarum
expressing wt BR were harvested and purified by
sucrose gradient centrifugation as described [57]. Cell
lines expressing the L93M and V179M variants were a
generous gift from Janos K. Lanyi (University of Cali-
fornia at Irvine). Purification of these mutant proteins
was performed as for wt BR. The expected masses of
intact wt BR, L93M BR, and V179M BR based on the
amino acid sequences (including retinal) were calcu-
lated as 27,050 Da [59], 27,068 Da, and 27,082 Da,
respectively. Low-temperature SEC/ESI-MS analysis
[60] of all three protein variants confirmed these theo-
retical mass values to within  1 Da. The amino acid
substitutions of the two mutant proteins were further
verified by tryptic peptide mapping and ESI-MS/MS
(data not shown). Protein solutions for laser-induced
oxidative labeling were adjusted to pH 7 using 10 mM
sodium phosphate buffer. Native BR samples were
analyzed as intact purple membrane suspensions [57].
In the case of denatured BR the buffer contained 0.2%
(wt/vol) SDS. All samples were sonicated in a water
bath (FS60; Fisher Scientific, Ottawa, ON, Canada) for
15 min, followed by equilibration at room-temperature
for six hours. UV-Vis absorption measurements were
carried out on a Cary 100 spectrophotometer (Varian,
Mississauga, ON, Canada) at a protein concentration of
10 M at room temperature, using protein-free solu-
tions as blanks.
Laser-Induced Oxidative Labeling
Covalent labeling of BR mutants was performed in a
manner similar to that described previously [56, 57].
Briefly, solutions with 12 M protein, 0.15% H2O2, and
15 mM glutamine were pumped through a 100 m i.d.
flow capillary made of fused silica (TSP100170; Polymi-
cro Technologies, Phoenix, AZ, USA) at 40 L min1.
Initial labeling experiments (not shown) employed
0.05% H2O2, as in our earlier work on wt BR [57].
Because the oxidation levels obtained under those con-
ditions were quite low, the peroxide content was in-creased to 0.15% for this study. The origin of this
different behavior is not clear, but possibly the samples
used here contained a higher concentration of lip-
ids and/or other bio-organic compounds that can act as
radical scavengers [61, 62]. A KrF excimer laser (GAM
EX 100/125; Orlando, FL, USA) producing 18 ns pulses
at 248 nm, 16 Hz, and 63 mJ was used for generating
·OH by H2O2 photolysis [21]. Capillary outflow aliquots
of 60 L were collected in microcentrifuge tubes con-
taining 10 L of 200 mM free methionine and 25 L of
1 M catalase (pH 7) for deactivating residual H2O2 and
other oxidizers that might cause spurious secondary
labeling [63, 64]. To ensure catalase activity, the collec-
tion tube also contained 150 L water in the case of SDS
experiments. Background oxidation (control) samples
were generated in the same way, with the exception
that the laser was switched off.
Tryptic Digestion
Labeled and control samples were lyophilized. Subse-
quently, the dry powder was dissolved in 35 L of 100
mM ammonium bicarbonate buffer (pH 8) containing
0.1% (wt/vol) RapiGest. For native BR, the resulting
solutions were directly digested for 24 h at 37 °C using
a 1:20 (wt/wt) trypsin:protein ratio. For SDS samples, 5
L 1.0 M potassium phosphate buffer (pH 8) was
added. The resulting detergent precipitate was re-
moved by centrifugation at 13,000 g for 5 min. The
supernatant was digested as described above. All di-
gests were flash-frozen in liquid nitrogen and stored at
80°C.
LC/ESI-MS
After oxidative labeling, protein digests were analyzed
on a Waters Q-TOF Ultima API mass spectrometer
equipped with a Z-spray ESI source. Spectra were
acquired in positive ion mode at a sprayer voltage of 3
kV and a desolvation temperature of 250 °C. The mass
spectrometer was coupled to a Waters Acquity UPLC
employing a 1.7 m C18 BEH 130 column (2.1 mm 
100 mm). 10 L portions of digested sample were
loaded onto the UPLC column without prior RapiGest
removal using an autosampler. LC separations were
carried out at 100 L min1 and 40 °C. Solvent A was
0.1% aqueous formic acid, and solvent B consisted of
50:50 (vol/vol) acetonitrile/isopropanol with 0.065%
formic acid. A linear gradient was run from 3% to 5% B
in 4 min, then from 12% to 38% B in 7 min, 38% to 62%
B in 2 min, 62% to 80% B in 12 min, and ultimately from
80% to 100% B in 5 min. Most peptides eluted between
6 and 25 min. Peptide identities were confirmed by
MS/MS in data-dependent acquisition mode, employ-
ing collision-induced dissociation (CID) in an Ar-filled
hexapole cell. Oxidation sites were determined in off-
line MS/MS experiments, by collecting the UPLC
eluent in a 96-well plate. These samples were then
injected into the mass spectrometer using a TriVersa
1950 PAN ET AL. J Am Soc Mass Spectrom 2010, 21, 1947–1956NanoMate (Advion, Ithaca, NY, USA) chip-based ion
source.
Data Analysis
The degree of Met oxidation for each peptide can be
reported as the “fraction unmodified,” Fu, defined as
Fu
Au
AuAax
(1)
where Au and Aox are the integrated peak areas of the
unmodified species and its oxidation product(s), re-
spectively, in the mass spectra. Integration was carried
out using Microsoft Excel, taking into account proton-
ated as well as sodiated signals of every peptide. The
measured data were corrected for background oxida-
tion using the relationship [56] Fu
corr  Fu
app/Fu
bgr
where Fu
app is the apparent Fu, determined by applying
eq 1 directly to data obtained after ·OH exposure. Fu
bgr
represents the Fu of corresponding control samples that
were not irradiated. Fu
corr reflects the actual extent of
laser-induced labeling, corrected for background oxida-
tion. All Fu
corr values reported in this work represent an
average of at least three independent data points, each
with its own background correction. Error bars reflect
the maximum deviation from the average value.
Hydrogen/Deuterium Exchange
Isotope exchange was initiated by mixing the BR sam-
ples with D2O-based buffer at room temperature in a 1:4
volume ratio. Aliquots were removed at various time
points, followed by acid quenching and flash freezing
[60]. Zero time point controls (m0) were performed by
exposing the samples to a mixture of labeling and
quenching buffer. Maximally deuterated samples (m100)
were prepared by incubation in 80% D2O with 0.4%
SDS at pH 11.8 and 40 °C for 30 h. Following isotope
exchange, intact protein samples were analyzed by size
exclusion chromatography/ESI-MS using a BioSuite, 4
m UHR SEC, 4.6 mm  300 mm (Waters) column.
Relative deuteration levels were determined using the
expression
deuteration level (mm0) ⁄ (m100m0) (2)
where m is the mass of the protein, and m0, m100 are the
values of the corresponding controls. Details of the
HDX procedure used here have been provided
previously [60].
Results and Discussion
Structural Integrity of BR Mutants
For gaining a better understanding of the BR structural
behavior, two variants (L93M and V179M) were exam-
ined that provide potential oxidation sites in helices Cand F, respectively. A meaningful mutational analysis
requires that the altered amino acids do not induce
major changes to the native protein structure. To min-
imize any such perturbations, we examined the two
substitutions in separate protein constructs, rather than
using a double mutant.
UV-Vis absorption spectroscopy provides a sensitive
probe of the retinal environment [56, 65]. Native V179M
BR exhibits an absorption maximum at 568 nm, identi-
cal to that of the wt protein. The spectrum of native
L93M BR is slightly blue shifted to 552 nm (Figure 2a).
This different behavior is consistent with the fact that
L93 is in direct contact with the 13-methyl group of the
chromophore, whereas V179 points away from the
retinal binding pocket (Figure 1). Infrared spectroscopic
measurements demonstrated that the BR photocycle is
moderately affected by the L93M substitution, but no
perturbations of the overall protein structure were
Figure 2. (a) UV-Vis absorption spectra of native wt (wild type)
BR, L93M BR, and V179M BR. Also shown is the spectrum of
SDS-denatured wt BR. (b) HDX kinetics of wt BR, L93M BR, and
V179M BR under native solvent conditions, and after SDS dena-
turation. Lines in panel (b) are biexponential fits. HDX data for
each time point represent averages of two or three independent
measurements.
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well as the two mutants exhibit an absorption maxi-
mum at 392 nm, while the band in the 560 nm range
disappears (depicted in Figure 2a for wt BR). This
behavior reflects hydrolysis of the Schiff base linkage
between retinal and K216, concomitant with release of
the chromophore into the solvent [56, 65].
The HDX behavior of native wt BR reflects a high
degree of protection. Only 24% of the 236 amide hydro-
gens undergo exchange within 120 min. SDS denatur-
ation dramatically enhances the degree of HDX, result-
ing in 75% deuteration within the same time interval
(Figure 2b). A detailed analysis of these isotope labeling
data is beyond the scope of the current work and has
been reported elsewhere [60]. Unfortunately, apply-
ing the traditional proteolytic digestion/HDX-MS ap-
proach to BR is difficult [68], and hence we were
unsuccessful in analyzing the BR deuteration behavior
in a spatially resolved manner. The pertinent question
explored here is in how far the structure and dynamics
of the V179M and L93M variants are different from
those of wt BR. Figure 2b reveals that all three forms
exhibit very similar HDX kinetics under native condi-
tions, as well as after SDS exposure.
Overall, our UV-Vis data (Figure 2a) as well as the
HDX results of Figure 2b strongly suggest that the
L93M and V179 substitutions are largely benign. In
other words, the BR structure does not seem to be
significantly affected by either replacement. This asser-
tion is further supported by Trp fluorescence experi-
ments, which yielded spectra that were virtually indis-
tinguishable for L93M, V179M, and wt BR, both under
native conditions and in SDS (data not shown).
Table 1. Tryptic peptides of L93M BR and V179M BR. The N-te
underlined
Peptide Sequence
T1 (1–30) XAQITGRPEWIWLALGTALM
T2 (31–40) GMGVSDPDAK
T3–4 (41–82) KFYAITTLVPAIAFTMYLSML
FGGEQNPIYWAR
T5 (83–129) For V179M BR:
YADWLFTTPLLLLDLALLVDA
LVGADGIMIGTGLVGALTK
For L93M BR:
YADWLFTTPLMLLDLALLVD
LVGADGIMIGTGLVGALTK
T6-7 (130–159) VYSYRFVWWAISTAAMLYIL
T7 (135–159) FVWWAISTAAMLYILYVLFFG
T8 (160–172) AESMRPEVASTFK
T10–11 (176–225) For V179M BR:
NVTMVLWSAYPVVWLIGSE
LNIETLLFMVLDVSAKVGFGL
For L93M BR:
NVTVVLWSAYPVVWLIGSEG
LNIETLLFMVLDVSAKVGFGL
T11 (217–225) VGFGLILLR
T13 (228–248) AIFGEAEAPEPSAGDGAAATSOxidative Labeling
Trypsinolysis of L93M BR and V179M BR resulted in
various peptides. The protein fragments with the high-
est signal intensities are listed in Table 1, yielding a
sequence coverage of 97%. Newly introduced methioni-
nes for the L93M and V179M variants are located in
peptides T5 and T10-11, respectively. Just as in our
previous studies on wt BR [56, 57], MS/MS revealed
that ·OH exposure resulted in MetO formation (corre-
sponding to a 16 Da mass shift) as the only detectable
type of covalent modification for any of the conditions
studied here.
Laser-induced oxidative labeling was initially con-
ducted for both BR variants in their native purple
membrane environment. As expected, extensive oxida-
tion occurred at all three loop-exposed methionines
(illustrated for T2 [M32] of L93M BR in Figure 3a). In
contrast, hardly any labeling was observed for the
buried Met residues, including the newly introduced
residues M93 (Figure 3b) and M179 (Figure 3c).
SDS denaturation did not affect the extensive oxida-
tion of the loop methionines M32 (Figure 3d), M68, and
M163. In contrast, the denatured protein showed dra-
matically enhanced 16 Da labeling for peptide T5 of
the L93M variant, whereas no indication of double-
oxidation (32 Da) was found (Figure 3e). The fact that
very similar data (not shown) were observed for pep-
tide T5 of V179M already suggests that the labeling seen
in Figure 3e reflects oxidation of the natural M118,
rather than the substituted M93. This assertion was
directly confirmed by MS/MS analysis of (T5  16)
from L93M (Figure 4). CID yields unmodified y11 ions
in both unlabeled (Figure 4a) and oxidized T5 (Figure
al “X” represents pyroglutamate [81]. Methionine residues are
Mass (Da) m/z
TLYFLVK 3328.80 1110.61
975.43 488.72
LTMVP 4743.43 1186.87
4840.66 1614.56
TILA
4858.62 1620.55
GTILA
FGFTSK 3641.88 1214.97
K 2973.55 992.19
1451.71 484.91
5413.00 1354.26
IVP
5381.03 1346.26
VP
986.63 494.32rmin
GLG
LGYG
DQG
ADQ
YVLF
FTS
GAG
ILLR
AGI
ILLR1917.86 959.94
on fo
1952 PAN ET AL. J Am Soc Mass Spectrom 2010, 21, 1947–19564b). In contrast y12 and all the following fragment ions
are shifted by 16 Da for oxidized T5. These MS/MS data
confirm that M118 gets oxidatively labeled in SDS-
denatured L93M BR, whereas the newly introduced
M93 remains protected. In addition, Figure 3c and f
reveal that SDS denaturation affects neither the protec-
tion of M209, nor that of the substituted M179.
Figure 3. ESI-MS data for tryptic peptides T2
V179M BR (c), (f) after oxidative labeling. Pane
purple membrane environment. Panels (d)–(f) ar
highlights the formation of a 16 Da modificati
Figure 4. Partial MS/MS product ion spectra o
BR (a), and of the oxidized T5  16 Da (b) speci
T5. Arrows indicate 16 Da mass shifts due to oxidaA comprehensive overview of the protein labeling
behavior under native conditions and after SDS dena-
turation is obtained by considering the Fu
corr values of
individual Met residues (Figure 5). Sites with Fu
corr
values close to unity reflect a high degree of protection,
whereas in the case of solvent accessible methionines
Fu
corr  1. For the conditions used here (average flow
(d) and T5 (b), (e) of L93M BR, and T10-11 of
–(c) refer to data obtained for BR in its natural
SDS-denatured protein. The vertical arrow in (e)
r T5 after SDS exposure.
ed after fragmentation of unlabeled T5 of L93M
own at the top of the Figure is the sequence of(a),
ls (a)
e forbtain
es. Shtive labeling of M118.
a for
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spot width 2 mm, labeling intensity parameter c  0.38
[25] it can be estimated that 34% of the protein solution
undergoes ·OH exposure, whereas 66% remain un-
irradiated. Thus, methionine residues that are com-
pletely solvent accessible should be characterized by
Fu
corr  0.66. This estimate closely matches the value
seen for M32, M68, and M163, which are located in the
extramembrane loops of native BR. In contrast, all methi-
onines situated in the seven transmembrane helices of
native BR are protected from oxidation, with Fu
corr  1
(Figure 5a, b).
After SDS exposure the Fu
corr value of M20 [helix A]
drops from unity to 0.72. A pronounced decrease down
to 0.79 also occurs for M118 [helix D] (Figure 5c, d).
Except for these two changes, the oxidation patterns of
the two BR variants are hardly affected by SDS expo-
sure. All residues located in helices B, C, E, F, and G
continue to be strongly protected with Fu
corr close to
unity. Notably, this protection includes the engi-
neered residues M93 and M179, which for the first
time provide information on behavior of helices C
and F, respectively.
Structural Implications: BR in SDS
The data of this study provide novel insights into the
structural properties of SDS-denatured BR. From previ-
Figure 5. Fu
corr values of individual Met residu
of the two protein variants after SDS denaturatio
L93M and V179M amino acid substitutions. Datous work it is known that SDS disrupts the nativepurple membrane and solubilizes individual protein
molecules in monomeric form [69, 70]. Furthermore,
SDS exposure results in hydrolysis of the Schiff base
and release of the chromophore into the solvent [60].
The oxidative labeling data of Figure 5 confirm that
helices A and D in SDS-denatured BR are largely
unfolded [56] and likely extruded from the protein core,
in a manner analogous to that proposed for other
semi-unfolded membrane proteins [71]. Nonetheless,
from our data it is also clear that the monomeric protein
maintains a tightly folded core that is inaccessible to
·OH (and therefore to water). This core encompasses the
regions surrounding the naturally occurring methioni-
nes of helices B, E, and G, as well as parts of C and F that
were probed here through methionine substitutions
(M93 and M179). An earlier circular dichroism study
found a residual helicity of 42% for SDS-denatured BR,
down from a native state value of 74% [72]. The results
presented here are consistent with a scenario where this
residual helicity is caused by partially intact helices B,
C, E, F, and G. However, HDX measurements suggest
that these helices are significantly more dynamic than
in native BR. Specifically, it was found that the number
of highly protected backbone hydrogens in SDS drops
to one third of the native state value [60] (see also Figure
2b). The oxidative labeling data presented here imply
that the central regions of the helices where most
methionines are located remain fairly stable, such that
native L93M BR (a), native V179M BR (b), and
and (d). Highlighted in black are results for the
naturally occurring methionines are in gray.es in
n (c)HDX must be predominantly mediated by helix fraying
1954 PAN ET AL. J Am Soc Mass Spectrom 2010, 21, 1947–1956at the termini. Protected Met residues are either close to
the helix center (M93, M145, M179) or close to the
extracellular side (M56/60, M209, Figure 1). Thus, much
of the helix dynamics responsible for the extensive HDX
of the SDS state must occur on the cytoplasmic side. It
is unfortunate that the spatial resolution of currently
existing BR HDX data [68] is insufficient for directly
confirming our view that the cytoplasmic side of SDS-
denatured BR is more dynamic than the extracellular
side. Nonetheless, additional support for this scenario
comes from fluorescence spectroscopic data which
show that all of the Trp residues close to the extracel-
lular side maintain a nonpolar environment in SDS [56].
In addition, even for native BR it has been reported that
the cytoplasmic side of the protein is more dynamic [73]
and less completely covered in the hydrophobic mem-
brane bilayer [38].
The nonpolar outside perimeter of the residual
BCEFG protein core is expected to be laterally sur-
rounded by tightly packed alkyl chains of the SDS
detergent in a micellar fashion [45], replacing previ-
ously existing protein/lipid and protein/protein inter-
actions. Water penetration into this lipophilic shell is
minimal, as demonstrated by the lack of oxidative
labeling for the substituted M179 which should be
oriented towards the outside (Figure 1), i.e., facing the
detergent alkyl chains.
Conclusions
The oxidative labeling data of the current study expand
our previous findings [56, 60] on the structural proper-
ties of SDS-denatured BR. The introduction of two
additional Met residues makes it possible to probe the
solvent accessibility of this protein with a better cover-
age than previously possible. Out of the eleven methi-
onines, eight are located in transmembrane regions,
such that every BR helix is covered by at least one
potential labeling site.
It is remarkable that ·OH labeling reveals signifi-
cantly enhanced solvent accessibility for only two of the
helices after SDS exposure, whereas changes in amide
HDX protection are much more dramatic [60]. This
behavior illustrates the complementarity between the
two methods [1]. Covalent labeling strategies probe the
solvent accessibility of reactive sites, whereas HDX
monitors structural dynamics and the intactness of the
H-bonding network [74].
From an analytical point of view, the permanent
nature of protein covalent labels greatly facilitates the
proteolytic mapping procedure. HDX experiments are
considerably more challenging in this regard because
back-exchange requires the digestion and LC separation
steps to be completed in as little as 15 min [6]. The
situation is particularly challenging for membrane pro-
teins where digestion efficiencies under HDX condi-
tions tend to be low [68], and where detergents often
interfere with the analysis. It is therefore not surprising
that membrane protein covalent labeling has become afairly routine approach, whereas only a handful of HDX
studies in this area have appeared over the past few
years [28]. Luckily, however, several very recent studies
indicate that rapid progress is now being made in the
area of membrane protein HDX/MS [75–77].
The current work uses MetO formation as an easily
identifiable covalent modification for monitoring the
solvent accessibility of individual BR segments. This
strategy is particularly suitable for membrane proteins
because many of these species are methionine rich [78,
79]. Here we exploit the fact that X¡M substitutions in
membrane proteins tend to be structurally benign due
to the medium size and mildly hydrophobic character
of methionine [80]. In this way it is possible to engineer
additional labeling sites into the protein, thereby en-
hancing the level of structural detail that is obtainable.
In principle, it would be possible to conduct these studies
on protein constructs that contain multiple substituted
methionines. This work followed a more cautious strategy
that minimizes the possibility of mutation-induced struc-
tural artifacts by studying one substitution at a time. The
combination of protein engineering and oxidative labeling
employed here should also be suitable for monitoring the
structure and conformational transitions of other mem-
brane proteins.
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